This paper presents tabular and graphical data intended for use in calibrating and validating structural and thermal models of ion thruster optics. A 30 cm diameter, two electrode, mercury ion thruster was operated using two different electrode assembly designs. With no beam extraction, the transient and steady state temperature profiles and center electrode gaps were measured for three discharge powers. The data showed that the electrode mount design had little effect on the temperatures, but significantly impacted the motion of the electrode center. Equilibrium electrode gaps increased with one design and decreased with the other. Equilibrium displacements in excess of 0.5 mm and gap changes of 0.08 mm were measured at 450 W dscharge power. Variations in equilibrium gaps were also found among assemblies of the same design. The presented data illustrate the necessity for high fidelity ion optics models and development of experimental techniques to allow their validation.
INTRODUCTION
Ion thrusters can deliver specific impulses from 2000 to 5000 seconds which makes them an attractive alternative to chemical rocket systems for orbit transfers, interplanetary missions, and other roles not requiring or not desiring high thrust levels.' Development efforts have increased and continue to increase the thrust delivered by ion thrusters. Space Electric Rocket Test I (SERT I) thrusters produced 25 mN thrust with a 10 cm ion extraction diameter or about 3 N/m2.2 SERT I1 thrusters produced 27 mN with a 14 cm ion extraction diameter, or 2 N/m2.3 Today's 30 cm diameter, xenon thrusters produce 500 mN thrust or 7 N/m2! These increases in thrust per unit area and thruster area are largely due to advances in ion optics design. The early electrodes (ion optics) used on SERT I and SERT I1 were flat and subject to severe, uncontrolled buckling when the radial temperature gradient became large. These factors limited the ability to scale the planar electrodes to large diameters and high thrust levels. By dishing the electrode^,^ the first buckling mode can be controlled, allowing reductions in electrode gap and thickness.6 Because the beam extraction is space charge gap and grid thickness reductions translate into higher thrust per unit area as shown by Rawling (Fig.  1) . Greater control over the buckling and gap size also allows larger electrodes and higher thrusts to be achieved.
These advances were made with minimal computer aided structural analysis, and even less experimental measurement of deformations. Hughes Aircraft Company lo and Lord ElectroOptic Systems (EOS)11 both developed finite element structural models of two and three electrode ion optics systems. Lord EOS also made displacement measurements of electrode gaps using an optical system." Unfortunately, the uncertainty associated with those nieasurenients was unquantified. With large circular and non-circular electrodes now under consideration, computer modeling is both an economical and essential step in advancing ion thruster design. The difficulty with most of these models is calibration and verification of the 1 predictions. The primary objective of this paper is to report experimental data to facilitate inodeling efforts.
for two different electrode assembly designs.
Three electrode assemblies of two different designs were used in the tests. The electrode assemblies consisted of two electrodes, insulators, and a mounting ring. The inner (screen) electrode was maintained at the cathode potential and the outer (accelerator) electrode was usually held a few hundred volts negative of the neutralizer potential. The insulators provided electrical isolation between the electrodes and the mounting ring fixed the cold electrode gap.
Four major design iterations were made in the development of a 3 kW mercury ion thruster for planetary propulsion applications.1~13~14 The 900-series and J-series, which were fabricated in the late 70s, were the last two. Both assemblies used identical electrodes and insulators with different mounting and stiffening rings. Because of an effort to reduce mass, the 900 series mounting ring was all titanium, and the screen electrode was mounted directly with screws. (Figs. 2 and 3) . A thin molybdenum stiffening ring provided the interface between the accelerator electrode and the titanium portion of the mounting ring. The J-series design added a thick molybdenum stiffening ring to the screen electrode and increased the size of the stiffening ring on the accelerator electrode interface. The J-series molybdenum stiffening rings were attached to the electrodes with rivets and to the titanium ring with screws (Figs. 4 and 5). The titanium ring was redesigned for manufacturing ease and slotted to reduce the stiffness.
For a more complete description of ion thruster techniques, set points, and logic, see Ref. 14.
Two electrode assemblies, the 900-series (SN813) and the J-series (SN842), were configured with 10 chromel-alumel thermocouples, of which three were attached to each of the electrodes and four to the mounting rings (Figs. 6 and 7 for the 900 and J-series respectively). The thermocouples were located at the same radial positions to simplify comparisons of the 900 and J-series assemblies. Transient and steady state temperatures were measured at three power levels for both assemblies. For all tests, the same 30 cm diameter discharge chamber was used.
Data could not be taken continuously, so the exact times required to reach equilibrium temperatures were not always available. The data presented, therefore, employ two artificial time constants. The time constant definitions were based on the assumption that an exponential equation of the form:
governed the temperature change, where T was the temperature at time t, AT was the difference between the equilibrium temperature and the temperature at cathode ignition, Ti, and T, was the time constant. The 63.2% time constant was defined exactly as in Eq. 2, and was the time required for the temperature to reach 63.2 percent of the difference between the equilibrium and cathode ignition temperatures. The 95% time constant was the time required to reach 95 percent of the temperature difference. The 95% time constant would be three times the 63.2% time constant if Eq. 2 described the temperature function exactly. The distribution of the data made the 95% time constant more accurate than the 65% time constant.
All transient data were referenced to cathode ignition time, for two reasons. It was explicitly known for all of the test runs, while the preheat times, wherein the mercury vaporizers heated, varied for the tests. In addition, the presence of the discharge was the dominant factor in determining the temperatures of the ion optics.
ent Measurements
Thermally induced displacements were measured for three electrode assemblies. Two of these, the 900-series (SN813) and J-series (SN842) assemblies, were instrumented with thermocouples for simultaneous measurement of the temperature profiles. The last assembly, J-series (SN903), was tested without thermocouples. It was chosen for tests because it demonstrated the most efficient beam extraction capability of the J-series assemblies available.
Displacements were measured using a stepper motor driven probe that contacted either the accelerator electrode or a post extending from the screen electrode (Figs. 8 and 9 ). The measuring system was rigidly attached to the discharge chamber, as shown in Figure 10 . The motion of the reference location of the measuring system was uncompensated and unknown. Thus, to remove any error introduced by motion of the reference position, the gap, or difference between the measurements of the screen and accelerator electrode locations, was used to compare displacements for different designs and discharge powers.
The probe was a 7.9 thread per cm jack screw actuator driven by a variable reluctance, 15'/step stepper motor with a 97:l gear box. Probe contact was confirmed when an electrical circuit between the electrode and the probe was closed. Each actuator had a sensitivity of 47 pulses per 0.0025 cm of motion. A hysteresis or dead band occurred when the motion was reversed. The screen and accelerator actuators had dead bands of 110 and 1 15 pulses, respectively. The dead bands were calibrated using a dial indicator accurate to 0.0013 cm. Displacement measurements were made at the electrode centers on the thruster axis. The actuator controller drove both stepper motors independently and simultaneously, The total uncertainty of the centerline gap measurement was about 0.0025 cm.
I
No ion beam was extracted because it would have had detrimental effects on the displacement measuring equipment which was installed in the center of the beam path.
RESULTS
The data presented are intended for use in calibrating and verifying models used to predict electrode response. For that reason, data are presented in figure and tabular form. Some of the data are omitted from certain figures to improve clarity. All of the data were taken without ion beam extraction to provide direct comparison for the temperatures and electrode gap measurements for use in modeling efforts. Table I1 shows transient temperature profiles measured at discharge powers of 210, 350, and 493 W for the 900-series assembly. Figures 11 through 13 show the tempentures measured at selected thermocouples. All times were normalized to cathode ignition at 0 minutes in order to provide a consistent, accurate reference for comparisons. The heating before the cathode was ignited was due to the vaporizer heaters. After ignition, the temperatures rose exponentially towards their equilibrium values. 65% and 95% time constants were extracted for each of the thermocouples on the 900 series electrode (Table 111 ). Figure 14 shows the 95% time constants for two discharge powers. The time constants increased monotonically from the center to the edge of the screen electrode with a variation of more than a factor of 2.5. Across the mounts, the fractional variation in time constants was smaller but all were higher than the electrode constants. Again time constants increased monotonically with radial location. The time constants from the accelerator electrode were close to, but slightly higher than those of the screen electrode. As will be discussed later, these results strongly affected the transient electrode spacing.
The J-series design showed similar transient thermal characteristics. Transient temperatures are +own in Table IV and Figure 15 for a 210 W discharge. The 95% time constants are given in Table V and compared with values from the 900-series electrode in Figure 16 . The J-series assembly demonstrated a smaller spread of time constants than the 900-series. This was likely due to the higher initial temperatures for the J-series test. The discharge was initiated about 20 minutes earlier than shown in figure 16 but, was held at a low power until the indicated cathode ignition time. Again, if the accelerator and screen electrode locations are treated separately, the time constants increased monotonically with the radius.
The temperature measurements described above were taken without displacement measurements. This allowed documentation of the transient temperatures at all of the thermocouple locations. The following temperature measurements were taken concurrently with displacement measurements, using the same electrode assemblies. The labor intensive method of controlling the displacement measurement interfered with temperature measurement records so transient temperatures were measured only on tne electrode cen terlines. Tables VI and VII Table VI11 and figure 19 for discharge powers from 210 to 450 W. The figures show that, for a given power level, the only significant difference in temperatures occurred near the transition from molybdenum to titanium on the mounting ring. The molybdenum support ring on the J-series design maintained a higher temperature than the equivalent position on the titanium mounting ring of the 900-series design.
Comparisons of the transient centerline temperature measurements in
Transient electrode motion and spacing changes are shown in Tables VI and VI1 and Figures 20 and 21. The electrode gap was reduced initially for both the 900 and J-series assemblies, then the gap opened to the equilibrium value. Transient displacements of the screen electrode of more than 0.8 mm and transient gap reductions of more than 0.25 mm were measured. Both the rate and magnitude of the gap changes were complex. The initial gap reduction was due to rapid heating of the screen electrode. With the 900-series assembly, the magnitude of the initial gap change varied inversely with discharge power. The magnitude of the initial gap change of the J-series assembly did not vary monotonically discharge power. The time required for the minimum gap to be reached, for both assemblies, seemed to increase with discharge power increases. The complex response characteristics were probably due to the variations in thermal equilibration times for points at different radii on the assemblies.
Equilibrium gap changes are reported in Table IX for a 900 and two J-series assemblies. The equilibrium gap is plotted in Figure 22 for the same conditions. The equilibrium gaps for a given assembly were reproducible to within the accuracy of the measuring system for all power levels tested. The 900 and J-series assemblies had distinctly different responses. The 900-series gap increased at all power levels between 200 and 450 W and the J-series gaps all decreased at those power levels. This appears to be due to design differences, specifically, the addition of a molybdenum support ring and weakening of the titanium ring on the J-series design. With its higher expansion coefficient, the 900-series titanium mounting ring put the screen electrode under tension at the edge, which reduced the absolute motion of the electrode center.
It is difficult to account for the differences in the responses of the two J-series assemblies. While the first J-series assembly demonstrated a monotonic response to discharge power, the second did not. The gap change of the second assembly was greater than that of the first and nearly constant. This suggests that the initial states of the electrodes were different.
CONCLUSIONS
The electrode designs under consideration for future ion thrusters make computer modeling both an economical and essential step in advancing the state of the art. The largest road block to these efforts is the scarcity of experimental data to calibrate and validate the models. This paper presented transient and steady state thermal and displacement data from tests of a 30 cm diameter, mercury ion thruster operated without beam extraction. The fidelity of the steady state data was ensured by recording the displacement and thermal data simultaneously. The Experimental data to calibrate and validate finite element models of ion thruster optics systems are presented. Except for one thermocouple location on the mounting rings, the temperature measurements show little difference between the equilibrium or transient temperatures of the two electrode assembly designs tested. Across the radius of the assembly, the time constants vary by as much as a factor of four, increasing monotonically with the radius. The highest 95% time constants were less than 100 minutes for all assemblies and power levels tested and increasing the discharge power reduced the time constants.
Transient electrode motions were found to be very complex. The general pattern was for the gap to decrease a large amount initially and then approach the equilibrium gap which could be larger or smaller than the initial gap depending on the electrode design. Transient displacements as high as 0.8 mm for the screen electrode and transient gap reductions as high as 0.25 mm were measured. Steady state gap changes as large as 0.08 mm and motions of 0.5 mm were measured.
The equilibrium electrode motions were very different for the two designs. The electrode gap increased from the cold gap at operating temperatures in one design while the gap decreased with the other design. The equilibrium gap was also found to vary significantly among assemblies of the same design. The difference in responses of the two designs should be predictable with modeling. The variation within a design may be due to the initial states of the hardware which most likely must be addressed by improved controls on manufacturing, assembly, and handling processes. The data of this report indicate the necessity of high fidelity ion optics models and further development of experimental techniques to allow their validation. 3 2 1 3 4 9 3 7 1 3 8 3 3 9 1 3 9 5 3 9 7 3 9 8 3 9 9 4 0 2 3 2 4 2 5 4 6 4 7 4 1 7 3 2 8 6 3 2 3 3 4 9 3 6 1 3 7 0 3 7 5 3 7 7 3 7 9 3 8 1 3 8 3 -TIME, MIN -5 7 -4 7 -3 7 -2 7 -1 7 -1 1 1 5 9 2 2 5 0 7 7 9 5 3 5 9 -1279 -0.0 2 3 3 4 5 9 8 3 1 0 1 1 0 9 1 1 9 2 0 6 2 2 9 2 5 4 2 6 8 2 7 1 2 6 9 2 6 9 2 6 9 -5.0 2 3 3 2 5 4 7 8 9 4 1 0 3 1 1 4 1 9 4 21 7 2 4 6 2 5 9 2 6 2 2 6 3 2 6 3 2 6 2 TI THERMOCOUPLE I 1 1 2 1 3 1 4 8 3 9 7 1 1 8 1 1 2 1 4 6 1 3 9 1 9 7 1 9 2 2 2 3 2 2 1 2 2 9 2 2 6 2 3 2 2 2 9 2 3 2 2 2 9 2 3 2 2 2 9 -PERA' 5 16.9 2 3 2 3 2 6 3 2 3 9 4 6 5 7 6 1 7 1 1 0 9 1 5 0 1 6 1 1 6 6 1 6 6 1 6 6 
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